We report on measurements of electron emission spectra from surfaces of highly oriented pyrolytic graphite (HOPG) excited by 1-5 keV He and Li which, for He , exhibit a previously unreported highenergy structure. Through a full quantum dynamic description that allows for the calculation of neutralization and electron-hole pair excitation, we show that these high-energy electrons can arise from autoionization of excitons formed by electron promotion to conduction band states close to the vacuum level. The same calculation explains the observed absence of high-energy excitons for Li on HOPG. DOI: 10.1103/PhysRevLett.100.227604 PACS numbers: 79.20.Rf, 68.49.Sf, 71.35.ÿy, 81.05.Uw Low-energy ion-surface collisions are of fundamental importance in surface studies. Applications range from sample treatment, as in sputter cleaning or ion depth profiling, to the most surface sensitive techniques, secondary ion mass spectrometry (SIMS) and ion scattering spectroscopy (ISS). Quantification of ISS and SIMS require a deep understanding of electronic processes at the surface, which so far is incomplete. An outcome of electronic processes that can be studied in detail is the emission of electrons from the solid. Since this process is very surface sensitive the electron energy distributions can, in principle, provide rich information on the surface electronic structure. [1] In the 1-5 keV ion energy range studied here, electron emission occurs either at the expense of the neutralization energy of the ion, known as potential emission, or of its kinetic energy. In the first case, the Coulomb interaction between two electrons in the solid may cause one electron to tunnel the surface barrier to neutralize the incoming ion while the other one is excited. This process, known as Auger neutralization (AN) [1] , can result in an electron being emitted outside the solid if the neutralization energy is larger than twice the work function of the surface. In another process, Auger deexcitation (AD), an electron may tunnel to an excited state of the ion and then decay by an Auger process involving one electron from the solid. In addition, there are one-electron resonant neutralization (RN) channels, in which the electron energy remains constant and no electron emission occurs. The probability of AN, AD, and RN decays with ion energy as the time of interaction of the projectile with the surface diminishes. The other process, kinetic electron emission, is similar to ionization in gas-phase collisions, where electrons are promoted into the continuum by the time-varying electric fields during the collision.
Low-energy ion-surface collisions are of fundamental importance in surface studies. Applications range from sample treatment, as in sputter cleaning or ion depth profiling, to the most surface sensitive techniques, secondary ion mass spectrometry (SIMS) and ion scattering spectroscopy (ISS). Quantification of ISS and SIMS require a deep understanding of electronic processes at the surface, which so far is incomplete. An outcome of electronic processes that can be studied in detail is the emission of electrons from the solid. Since this process is very surface sensitive the electron energy distributions can, in principle, provide rich information on the surface electronic structure. [1] In the 1-5 keV ion energy range studied here, electron emission occurs either at the expense of the neutralization energy of the ion, known as potential emission, or of its kinetic energy. In the first case, the Coulomb interaction between two electrons in the solid may cause one electron to tunnel the surface barrier to neutralize the incoming ion while the other one is excited. This process, known as Auger neutralization (AN) [1] , can result in an electron being emitted outside the solid if the neutralization energy is larger than twice the work function of the surface. In another process, Auger deexcitation (AD), an electron may tunnel to an excited state of the ion and then decay by an Auger process involving one electron from the solid. In addition, there are one-electron resonant neutralization (RN) channels, in which the electron energy remains constant and no electron emission occurs. The probability of AN, AD, and RN decays with ion energy as the time of interaction of the projectile with the surface diminishes. The other process, kinetic electron emission, is similar to ionization in gas-phase collisions, where electrons are promoted into the continuum by the time-varying electric fields during the collision.
To gain insight into the electron emission mechanisms, we can tailor the experiments by a proper selection of the colliding partners, to enhance or suppress particular processes. For instance, He on Al, where the He ionization level lies well below the bottom of the valence band and cannot be filled by RN, has become a model system to study AN. In the case of Al and Mg, the large neutralization energy of He and Ne allows the excitation of plasmons, which are identified through their decay into electrons observed outside the solid [2] . Here we study highly oriented pyrolytic graphite (HOPG), which presents interesting features. In a simple picture where electron transfer occurs between weakly perturbed levels, the uncommonly wide valence band of HOPG allows RN even for He , with its large neutralization energy. This mechanism, being much faster than AN, essentially removes AN as a significant source of emitted electrons. In addition, the low density of states of HOPG at the Fermi level prevents, neglecting level perturbation, RN to the first excited state of He. This has led to the conclusion that RN to the ground state is the only possible neutralization channel [3] . Within this model, and considering that HOPG plasmons, even if excited, do not decay through electron emission [4] , the only potential mechanism for electron ejection seems to be an intraband, Coster Kronig, Auger process filling the hole in C produced by RN of the He projectile. In this case, the spectrum of electrons emitted by He would be a broad peak extending to 18 eV (neutralization energy minus twice the surface work function (9.4 eV), plus kinematical broadening [1] ). Here, by combined measurements of elec-
The American Physical Society tron emission and a full quantum dynamic calculation of He -HOPG and Li -HOPG interactions, we show that this expectation is quite far from reality. Rather, our work suggests the existence of a new mechanism, the creation of high-energy valence excitons of HOPG by electron promotion in a close He-C collision followed by their autoionization into vacuum.
Our experiments were performed in an electron spectrometer system (PHI SAM 590 A) equipped with a single pass cylindrical energy analyzer, with a base pressure in the low 10 ÿ10 Torr range. The HOPG sample was introduced in vacuum immediately after cleavage and heated to 1300 K for several minutes. After this treatment no contamination is observed by Auger electron spectroscopy (AES), while low-energy electron diffraction shows sharp circles due to the mosaic structure. Nevertheless, since low-energy electron emission is quite more sensitive to contamination than AES, the ultimate check of the surface state was the repeatability of the electron energy spectra after annealing. The total ion fluence was kept below the threshold for damage that causes changes in either plasmon energy or work function [5] . In addition, at each ion energy we took several spectra at the same and at different surface spots to detect any influence of damage. When damage was detected, the sample was annealed. This procedure was successful except when using Ar projectiles which caused damage that could not be fully healed by annealing and required the use of a new sample. Figure 1 shows electron energy spectra for HOPG impacted by 1-5 and 2 -5 keV He and Li , respectively. The instrument measures NEE, where NE is the number of electrons of energy between E and E dE. The spectra shown in Fig. 1 are normalized to the same area and are not corrected for analyzer transmission (proportional to E) to better visualize the energy dependence of the higher energy emission structure. In all cases, the total electron emission yields increase rapidly with ion energy, as expected from kinetic emission mechanisms.
The results of Fig. 1 reveal differences between He and Li excitations that go beyond those expected from potential emission. While Li ions produce electron spectra with the low-energy cascade component typical of kinetic emission, the spectra induced by He show, in addition to the AN component extending to 18 eV, mentioned above, a high-energy structure. The mechanism responsible for these high-energy electrons increases in importance with increasing ion energy above an apparent threshold at 1:3 keV. This strong projectile-energy dependence allows us to disregard AN, AD, and plasmon deexcitation [4] as the origin of these fast electrons and points to a kinetic emission mechanism. As in other studies [1] , we interpret the threshold energy as that at which the distance of closest approach attains a critical value for electron promotion and coupling to unfilled states.
To gain insight about the origin of the high-energy electrons, we performed a quantum dynamical calculation for He on HOPG that considers neutralization to both the ground and the first excited states of He, but excludes the negative ion channel that is only observed on alkali-coated (low work function) surfaces [1] . The electron-hole pair excitations in the band and ion neutralization are calculated consistently. Neutralization to He 2s was included because we found that it is needed to reproduce the high neutral fractions measured in ISS experiments [6] . This calculation uses a formalism based on the infinite-correlation approach to the Anderson Hamiltonian [7] . In a simplified picture where the spin of the electron in He is frozen, an electron with the same spin can be transferred to form the lowest lying excited state 1s" 2s" 3 S, while another electron with the opposite spin can be transferred to the ground state 1s" 1s# 1 S. We neglect here states lying above He 3 S. The Hamiltonian can be written as
Where k denotes the solid state levels (valence and core) with energies " k , V ka is the coupling between the solid and atomic state of energy E a , and denotes the spin state. The energies corresponding to the 1s and 2s neutral He states are defined as total energy differences:
E a" E tot 2s" 1s" ÿ E tot 1s"; E a# E tot 1s# 1s" ÿ E tot 1s": 
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The boson operators b , b ensure the projection on the correct subspace through the constraint relation: b b P n a 1. Then, hn a" i and hn a# i give directly the neutralization probability to the excited and ground states of He, respectively. We calculate the time evolution of the occupation of graphite band states through the expression [7] d dt
By expanding in (3) the k states in the 2s and 2p atomic orbital of the C atoms, we obtain N"; t, the electron energy distribution at the surface, from (4) where m and n run over the carbon orbitals, mn " is the LSDOS of HOPG [8] , and V m;a is the coupling between He and C states. The initial condition for N"; t, corresponding to the noninteracting He-HOPG surface, is
where f " is the Fermi distribution. For all times it is verified that
which ensures the conservation of the total number of electrons.
The electron distribution for the case when He is not neutralized may be obtained from the expression P hc k c k 1 ÿ c a c a i, and calculated approximately using the LCAO-expansion of the surface states, as
The energy distribution of directly excited electrons N" N"; t 1 is calculated for different impact parameters and weighted by the corresponding area (probability of occurrence). A previously developed bond-pair model for the interaction is used to calculate the parameters of the Hamiltonian [9] .
In Fig. 2 we show the LSDOS of HOPG, and the electron distribution N He "; 1 after the impact of 5 keV He . One PRL 100, 227604 (2008) P H Y S I C A L R E V I E W L E T T E R S week ending 6 JUNE 2008 can see the density of hole states generated below the Fermi level and the electron occupation of conduction band states, with a tail extending to energies way above the vacuum level. The shapes of the electron and hole distributions are strongly governed by the peculiar LSDOS of HOPG. We then calculate the autoionization decay spectra, where the energy of recombination of a hole and an electron (exciton) is transferred to another electron in the valence band. The energy distribution of electrons outside the solid is then obtained by considering transmission through the surface barrier [1] . The result of a simple convolution over all band states in the lower part of Fig. 2 shows that the autoionization of excitons can explain the presence of the most energetic electrons of the He =HOPG electron emission spectra. We calculate similarly the electron distribution N Li " for Li -HOPG collisions but considering Li 2s as the only projectile state active in the dynamical process and using a spinless approximation of the Anderson Hamiltonian. Figure 3 shows that the excitation of electron-hole pairs comes only from the p-band states close to the Fermi level. If these pairs can be considered as shallow excitons, their autoionization would contribute electrons below 7 eV, which would be hidden within those from low-energy secondary electron cascade.
To understand the origin of the HOPG valence band electron excitation by He , and the different spectra for
He and Li projectiles, we show in Fig. 4 the variation of the energy levels and hopping integrals along the ion trajectory. Although we find a pronounced downshift of the energy level for both projectiles, significant promotion of HOPG electrons in Li-C collisions is not expected due to the relatively weak interactions, compared with the He-C case (see the hopping integrals in Fig. 4) .
In summary, we found that collisions of He with a HOPG surface results in the emission of energetic electrons extending up to 30 eV, which increases strongly with projectile energy above a threshold of 1:3 keV, indicating a kinetic emission mechanism. Using a calculation that takes into account the first excited state of He and correlation effects, we derive the population of excitonic states in HOPG that, through autoionization, provides a possible source for the observed high-energy electrons. Unlike the well-studied core exciton (1s) in HOPG [10] , the valence exciton proposed here involves a hole in the valence band excited through collisions. Its decay through autoionization competes with side filling of the valence hole by electron transfer from neighboring atoms. This side filling, dominant in metals near the Fermi level, is hindered in graphite, as evidenced by the sharpness of structures of the LSDOS [11] . The theory shown here not only explains the presence of high-energy electrons in the secondary spectra, but also the high neutralization probability of He on HOPG observed in ISS experiments [3] . This work was supported by ANPCyT through PICT14730 and 14724, CONICET through PIP 5277, and U.N.L. through CAI+D grants. R. A. B. was supported by the Alice and Guy Wilson endowment. 
